The benefit of liver transplantation (LT) is determined not only by the severity of illness, but also by the likelihood of posttransplantation survival. Current models are unable to accurately predict which patients will have the best posttransplant survival. We hypothesized that the Charlson Comorbidity Index (CCI), which includes nine comorbidities, could be used to predict survival after LT. We performed a retrospective study of 624 patients undergoing LT, with a median follow-up time of 4.3 yr. Data on pretransplant comorbidities were collected, along with potential confounders such as age, gender, etiology, and severity of liver disease. Proportional hazards analysis was performed to determine the independent effect of each variable on posttransplantation survival, and to recalibrate the CCI for use in the liver transplant population. A total of 40% of patients had 1 or more comorbidities prior to transplantation. In the multivariate analysis, CCI was an independent predictor of posttransplantation survival (hazard ratio [HR] 1.21 per unit, P Ͻ 0.001). When the individual components of the CCI were analyzed, coronary disease (HR 2.33), diabetes (HR 1.38), chronic obstructive pulmonary disease (COPD) (HR 2.67), connective tissue disease (HR 2.32), and renal insufficiency (HR 1.61) were all independent predictors of posttransplant survival. The CCI was recalibrated using a simplified weighting system to create the CCI-orthotopic LT (OLT), which improved the likelihood ratio chi-squared value from 15 to 24 for predicting posttransplantation survival. In conclusion, survival after LT is diminished in patients with pretransplantation coronary disease, diabetes, COPD, connective tissue disease, and renal insufficiency. We demonstrate the usefulness of a modified comorbidity index, the CCI-OLT, for predicting posttransplantation survival. Liver Transpl 13:1515Transpl 13: -1520Transpl 13: , 2007
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Transplantation is unique among all medical services, in that physicians are routinely forced to decide which patients will receive priority for limited resources. For patients with end-stage liver disease in the United States, this priority is determined by severity of illness. The Model for End-Stage Liver Disease (MELD) score accurately predicts mortality prior to liver transplantation (LT), 1 resulting in the allocation of organs according to those with the greatest need. 2 However, the survival benefit from a liver transplant is determined not only by reduction in the risk of death from end-stage liver disease, but also by the likelihood of posttransplantation survival. 3 From a societal and public health perspective, allocating limited organs according to the likelihood of benefit should lead to an increase in lifeyears gained for the transplant population as a whole. 4 Reflecting these concerns, the recently adopted Lung Allocation Score incorporates the likelihood of posttransplantation survival in addition to risk of death from lung disease when determining priority for lung allografts. 5 In order to incorporate the likelihood of posttransplantation survival in liver allocation algorithms, one must be able to accurately predict posttransplantation outcomes using variables present prior to transplantation. Unfortunately, this has proven more difficult than predicting death on the waiting list. The MELD score does not predict posttransplantation survival nearly as well as pretransplantation survival. This dichotomy is best illustrated in a study by Merion et al., 6 which showed a nearly 300-fold increase in pretransplant mortality risk from the lowest MELD group to the highest, compared to a 2-fold increase in posttransplantation mortality from the lowest MELD group to the highest. A recent systematic review identified 5 multivariable prognostic models for posttransplantation survival. 7 Three of these models included donor or operative variables, which are not available prior to transplantation and thus could not be used for ranking patients on the waiting list. Of the other 2 models, one reports results for short-term (90-day and 1-yr) survival only. 8 If the goal is to maximize the use of scarce liver allografts, a model that predicts long-term survival would be more useful. To date, the only model predicting 5-yr survival using recipient characteristics: age, body mass index, creatinine, etiology of liver disease, United Network for Organ Sharing listing status, and race, had an area under the receiveroperating characteristic curve (AUROC) of 0.63. 9 However, this model relied heavily on the poor posttransplantation survival of patients with hepatocellular carcinoma in the pre-Milan criteria era. In addition, the United Network for Organ Sharing listing status in that model is no longer in use. Finally, since this model included race as a variable, using it to calculate survival benefit would mean that patients would be assigned different priorities for transplantation based on race. Thus, further improvement in posttransplantation prognostication is needed.
Little emphasis has been placed on medical comorbidities as predictors of survival after LT. Only diabetes and renal insufficiency have been evaluated, and each of these predicts decreased posttransplantation survival with hazard ratios (HRs) of 1.3 10 and 1.2-2.2, 11,12 respectively. It is unknown whether the effects of diabetes and renal insufficiency are independent of other comorbidities such as coronary disease. Additionally, no study has combined multiple comorbidities in an attempt to improve the prediction of survival after LT.
The use of comorbidities for prognostic assessment has been extensively studied in other fields of medicine. One of the most commonly used comorbidity models is the Charlson Comorbidity Index (CCI), which is based on comorbid conditions with varying assigned weights, resulting in a composite score. The CCI was originally derived in hospitalized general medicine patients, 13 and revised versions have since been validated in multiple patient populations including those undergoing hematopoietic stem cell transplantation 14 and renal transplantation. 15 The aim of this study was to determine if the pretransplant CCI predicts long-term survival after LT.
PATIENTS AND METHODS

Patients
The study population included all adults age 18 yr or more undergoing deceased donor LT at the University of Michigan Hospital between January 1, 1994 and December 31, 2005 (n ϭ 710). This interval was chosen to achieve a median follow-up time of approximately 5 yr. Exclusion criteria were patients with acute liver failure, those receiving multiple organ transplants, recipients of partial or split organs, or patients with a history of LT prior to the study period. Patients with multiple liver transplants within the study period were analyzed from the time of their initial transplantation. Random samples of patients who were evaluated for transplantation but not accepted for listing (sample size ϭ 55) and patients who died on the waiting list (sample size ϭ 55) were also included in the study to compare the frequency of comorbidities in these populations. The study protocol was approved by the Institutional Review Board.
Data
The University of Michigan Hospital maintains an electronic database of all patients evaluated for solid organ transplantation since 1984. This includes survival data for all patients, clinical records since 1991, and laboratory data since 1997. This computerized medical record, supplemented by paper charts when needed, was retrospectively reviewed by 2 independent reviewers (M.V., J.H.). All variables were based on the most immediate pretransplantation data, and the primary outcome was posttransplantation survival. For patients who were no longer being followed at our center, survival status was verified using the Social Security Master Death File. Data were collected on demographics, including age and gender, clinical characteristics, including etiology of liver disease and the presence of hepatocellular carcinoma, and laboratory data for calculating the MELD and Child-Turcotte-Pugh scores. Since the aim of the study focused on pretransplantation predictors of posttransplantation outcome, data on donor or operative variables were not recorded.
Comorbidities
A total of 9 comorbidities comprising the CCI described in the renal transplant population were analyzed. 15 Each of the comorbidities was prospectively defined prior to the chart review as follows: 1) congestive heart failure-documented decreased left ventricular function or mean pulmonary artery pressure Ͼ25 mm Hg as determined by stress echocardiography, including patients with portopulmonary hypertension. 2) Coronary artery disease-documented history of myocardial infarction, or coronary disease on angiography. All men above age 40 yr and all women above age 50 yr, as well as patients of any age with risk factors for coronary artery disease underwent a stress test. Patients with a positive stress test but negative angiography were not considered as having coronary artery disease. 3) Diabetes mellitus-chronic hyperglycemia requiring outpatient medications at any time during the month preceding transplantation. 4) Peripheral vascular diseasedocumented arterial disease by angiography or ankle-brachial index. 5) Cerebral vascular accident-history of stroke with residual neurological deficit. 6) Chronic obstructive pulmonary disease (COPD)-chronic lung disease with requirement for medications, documented forced expiratory volume in 1 second Ͻ1.5 L, or a history of intubation for respiratory failure. 7) Connective tissue disease-diagnosis by a rheumatologist of systemic lupus, rheumatoid arthritis, scleroderma, or seronegative spondyloarthropathy. Patients with osteoarthritis, or arthralgias without objective evidence of inflammatory arthritis, were not considered as having connective tissue disease. 8) Renal insufficiency-serum creatinine of 1.5 mg/dL or greater on most recent pretransplantation testing, or a history of renal transplantation. 9) Malignancy-history of malignancy, excluding nonmelanoma skin cancer and hepatocellular carcinoma. The CCI was calculated by assigning a weight of 2 to diabetes, stroke, renal insufficiency, and malignancy, and a weight of 1 to the other comorbidities, as previously described. 15 When each comorbidity was examined individually, no weighting was used.
Statistical Analysis
The mean CCI scores between the patients who received a transplant, died on the waiting list, or declined listing were compared using analysis of variance. Patient and graft survival were estimated using the Kaplan-Meier method.
Pearson correlation was used to analyze the association between the number of comorbidities and year of transplantation. Unadjusted and multivariate adjusted analyses to determine factors that predict patient and graft survival were performed using Cox proportional hazards modeling. 8 The unadjusted analysis included the CCI as well as potential confounders such as age, gender, viral etiology of liver disease, hepatocellular carcinoma, and severity of liver disease as determined by MELD and Child-Turcotte-Pugh scores. All variables with P Ͻ 0.1 on unadjusted analysis were entered into the multivariate analysis. In addition, age was included since it has been shown in multiple prior studies to predict posttransplantation survival. 12, 16, 17 To determine which components of the CCI provide the most prognostic power, and to recalibrate the CCI for use in the liver transplant population, all of the individual comorbidities were analyzed in a multivariate fashion using Cox regression. The comorbidities with P Ͻ 0.05 were then assigned simplified weights by rounding to the closest integer, to generate a revised CCI for orthotopic LT (OLT), designated "CCI-OLT." The prognostic power of the CCI-OLT was determined by the AUROC, and compared with that of the CCI using the Cox likelihood ratio chi-squared test with 1 degree of freedom. 18 The CCI-OLT was analyzed as a continuous variable, and as categorical variables to allow for analysis of the effects of higher CCI-OLT scores relative to a CCI-OLT score of 0. Statistical analysis was performed using STATA v9.2 (Stata Corp, College Station, TX).
RESULTS
Of the 710 patients receiving transplants during the study period, 624 met the eligibility criteria for the study. Demographic and comorbidity data were available for all patients, and complete laboratory data for calculation of the MELD score was available for 492 (79%) patients. A total of 224 deaths occurred during a median follow-up time of 4.3 (range, 0.1-12.3) yr. Table  1 shows the characteristics of the study population. A total of 40% of patients had at least 1 comorbid condition prior to transplantation, with diabetes and renal insufficiency being the most common. The mean CCI score among the transplantation patients was 0.9 (standard deviation 1.3), compared with a mean CCI score of 1.2 (standard deviation 1.3) in patients who died on the waiting list, and 1.8 (standard deviation 1.5) in patients who were evaluated but not listed for trans- plantation (P Ͻ 0.001). There was no correlation between the year of transplantation and the number of comorbidities. The survival curve for the entire cohort is displayed in Figure 1 . The 1-, 3-, and 5-yr survival rates were 83%, 75%, and 68%, respectively.
Unadjusted Cox regression analysis of the CCI revealed a significant association with decreased posttransplantation survival (P Ͻ 0.001). None of the other pre-OLT variables such as age, gender, Child-TurcottePugh, MELD, or presence of hepatocellular carcinoma showed significant association with decreased posttransplantation survival, though viral etiology of liver disease neared significance, with P ϭ 0.053. Analysis by graft survival (death or retransplantation) revealed similar results (data not shown). After adjusting for age and viral etiology, the CCI remained significant with an HR for death after transplantation of 1.21 (95% confidence interval, 1.10-1.32, P Ͻ 0.001) per unit increase.
The independent contribution of each individual component of the CCI was then explored to determine which components provided the maximum risk of death. Multivariate analysis of the individual comorbidities revealed that coronary disease (HR 2.33), diabetes (HR 1.38), COPD (HR 2.67), connective tissue disease (HR 2.32), and renal insufficiency (HR 1.61) were all significant predictors of posttransplantation mortality, after adjusting for age and viral etiology (Table 2). These results were used to derive the CCI-OLT using a simplified weighting by rounding the HRs to the nearest integer as follows: coronary disease (2), diabetes (1), COPD (3), connective tissue disease (2), and renal insufficiency (2) .
The distribution of the CCI-OLT scores is displayed in Table 3 . The CCI-OLT had an HR for death after transplantation of 1.32 per unit increase (95% confidence interval, 1.15-1.52, P Ͻ 0.001), after adjusting for age and viral etiology of liver disease. Table 4 demonstrates a progressive increase in HR for death after LT among patients with CCI-OLT scores of 0, 1, and Ͼ1. Figure 2 shows a significant difference in survival according to the CCI-OLT score (P Ͻ 0.001). The CCI-OLT had a likelihood ratio chi-squared value of 24 for predicting survival after transplantation, compared to a likelihood ratio chi-squared value of 15 for the original CCI, indicating that the CCI-OLT has superior prognostic power. When combined with age and etiology of liver disease, the CCI-OLT had an AUROC of 0.63 for predicting 5-yr survival after transplantation.
DISCUSSION
This study represents the first comprehensive analysis of the association between comorbidities present prior to transplantation and survival after transplantation. Pretransplant comorbidities were surprisingly common in our transplant population despite extensive screening during the transplant evaluation process, with 40% of patients having at least 1 comorbid condition, as compared to 22% of kidney transplant patients. 15 As expected, patients who underwent LT had fewer comorbidities than those who were evaluated but not listed and those who died on the waiting list. In our cohort of 624 patients, pretransplantation coronary disease, COPD, connective tissue disease, diabetes, and renal insufficiency all independently contributed to decreased posttransplantation survival. Although diabetes 19 and renal insufficiency 11 have been demonstrated in previous studies to be risk factors for decreased posttransplantation survival, coronary disease, COPD, and connective tissue disease represent prognostic variables that have not been previously reported.
We present the first application of the CCI to the LT population. This index has been used in various forms in multiple patient populations, including stem cell and renal transplantation. 14, 15 In this study we have modified this index to create the CCI-OLT, which can be easily calculated using 5 comorbidities and has better prognostic power when compared with the original CCI. When combined with age and etiology of liver disease, the CCI-OLT had an AUROC of 0.63 for predicting survival at 5 yr after LT. By comparison, the only other model predicting 5-yr survival using recipient characteristics (age, body mass index, creatinine, etiology of liver disease, United Network for Organ Sharing status, and race) also had an AUROC of 0.63. 9 Why is predicting posttransplantation survival so difficult? Operative and donor variables certainly play a role, but even models including these variables are unable to improve the AUROC beyond 0.7 at 1 yr. 7 One reason for the difficulty in predicting survival for the entire LT population is that the majority of patients lack identifiable prognostic indicators. For example, in our study 60% of the patients did not have pretransplantation comorbidities. There may also be unmeasured variations in graft quality or the quality of clinical care. Further research in this area is still needed. However, our study shows that comorbidities play an important role in determining posttransplantation survival, and this information will be useful when counseling patients with comorbidities about outcomes after transplantation.
This study is limited by the fact that it is a singlecenter, retrospective cohort study. While different versions of the CCI have been used in multiple prior studies, our modification requires validation in a separate cohort. Results of future studies may alter the weighting or identify additional comorbidities that are also significant predictors of posttransplantation survival. Studies including more patients with multiple comorbidities may also be able to discriminate posttransplant survival between patients with CCI scores Ͼ1. Another limit is that this study was designed to examine comorbidities for prognostic purposes only. We were unable to determine to what extent the various comorbidities are simply manifestations of advanced liver disease. For example, cirrhosis is diabetogenic and renal insufficiency may reflect hepatorenal syndrome rather than intrinsic kidney disease. Prospective studies with attention to the onset and duration of these comorbidities prior to transplantation may help to improve our understanding of their effects on survival, and potentially lead to strategies for risk mitigation.
In conclusion, we demonstrate the usefulness of a modified comorbidity index, the CCI-OLT, for predicting survival after LT. We found that the posttransplantation survival was diminished in patients with pretransplantation coronary disease, diabetes, COPD, connective tissue disease, and renal insufficiency. In the future, the addition of comorbidities to multivariable models may be useful in developing new allocation algorithms, which incorporate the likelihood of post-LT survival, as has been adopted for lung transplantation.
